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Abstract
We evaluate in the next-to-leading approximation the forward impact factor for the virtual
photon to light vector meson transition in the case of longitudinal polarization. We
find that in the hard kinematic domain, both in the leading and in the next-to-leading
approximation, the expression for the impact factor factorizes, up to power suppressed
corrections, into the convolution of a perturbatively calculable hard-scattering amplitude
and a meson twist-2 distribution amplitude.
1 Introduction
Diffractive processes in high-energy particle physics are of central interest in present and
forthcoming experiments. Among them particularly important are those processes with
a large typical momentum transfer Q2, so called semi-hard processes, since they allow a
theoretical description by perturbative QCD. The most suitable approach for such descrip-
tion in the limit of high energy
√
s is the BFKL approach [1], which has become widely
known since the discovery at HERA of the sharp rise of the proton structure function for
decreasing value of the Bjorken variable x (see, for example, [2]).
In the BFKL approach the high energy scattering amplitudes are expressed in terms
of the Green’s function of two interacting Reggeized gluons and of the impact factors of
the colliding particles (see, for instance, [3]). The BFKL equation allows to determine
this Green’s function. The impact factors depend on the process in question and must be
calculated separately.
The BFKL equation was initially derived in the leading logarithmic approximation
(LLA) which means summation of all terms of the type (αs ln(s))
n. The most important
disadvantage of LLA is that neither the scale of energy nor the argument of the QCD
running coupling constant αs are constrained in this approximation. The corresponding
uncertainties related with the change of these scales diminish the predictive power of the
LLA and restrict its application to the phenomenology. This is why the generalization
of the BFKL approach to the next-to-leading logarithmic approximation (NLA), which
means resummation of both the leading terms (αs ln(s))
n and of the terms αs(αs ln(s))
n,
is very important. The radiative corrections to the kernel of the BFKL equation were
calculated several years ago [4, 5, 6, 7, 8, 9] and the explicit form of the kernel of the
equation in the NLA is known now [10, 11] for the case of forward scattering. Instead,
the problem of calculating NLA impact factors has been solved so far only for colliding
partons [12, 13] and for forward jet production [14], while no impact factors for colorless
objects are known with the NLA accuracy.
It is clear that for a complete NLA description in the BFKL approach one needs to
know the impact factors describing the transitions between colorless particles, analogously
as in the DGLAP approach one should know not only the parton distributions, but also
the coefficient functions.
The impact factor for the γ∗ → γ∗ transition is certainly the most important one
from the phenomenological point of view, since it would open the way to predictions of
the γ∗γ∗ total cross section. However, its calculation in the NLA turns out to be rather
complicated and so far only partial results are available [15]. For an alternative approach
to the calculation of the photon impact factor, see also Ref. [16].
In this paper we consider instead the NLA impact factor for the transition from a
virtual photon γ∗ to a light neutral vector meson V = ρ0, ω, φ. As we will explain in
detail below, the evaluation of this impact factor is considerably simpler than for the
case of the γ∗ → γ∗ impact factor. Indeed, we obtained a closed analytical expression
for this impact factor in the NLA. This result should help to understand more easily the
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main physical effects of the radiative corrections in the BFKL approach. As a matter of
fact, the knowledge of the γ∗ → V impact factor allows for the first time to determine
completely within perturbative QCD and with NLA accuracy the amplitude of a physical
process, the γ∗γ∗ → V V reaction. This possibility is interesting not only for theoretical
reasons, since it could shed light on the correct choice of energy scales in the BFKL
approach and could be used to compare different approaches such as BFKL and DGLAP,
but also for the possible applications to the phenomenology. Indeed, the calculation of
the γ∗ → V impact factor is the first step towards the application of BFKL approach
to the description of processes such as the vector meson electroproduction γ∗p → V p,
being carried out at the HERA collider, and the production of two mesons in the photon
collision γ∗γ∗ → V V or γ∗γ → V J/Ψ, which can be studied at high-energy e+e− and eγ
colliders.
The paper is organized as follows. In the next Section we will recall the definition of
impact factor in the BFKL approach and outline the general framework of the calculation;
in Section 3 we give a detailed derivation of the leading logarithmic approximation (LLA)
impact factor; Section 4 is devoted to the calculation of the impact factor in the NLA; in
Section 5 we summarize our results and draw some conclusions.
2 General framework
In the BFKL approach (see, for example, Ref. [3] for details) the scattering amplitude
(A)A′B′AB of the process AB → A′B′, were A,B,A′, B′ are colorless particles, for c.m.s.
energy
√
s → ∞ and fixed momentum transfer ∆ ≈ ∆⊥ (⊥ means transverse to the
initial particle momenta plane) is expressed in terms of the Mellin transform of the Green’s
function of two interacting Reggeized gluons in the color singlet stateGω and of the impact
factors of the colliding particles ΦA→A′ and ΦB→B′ :
Ims (A)A
′B′
AB =
s
(2π)D−2
∫
dD−2q1
~q 21 (~q1 − ~∆)2
∫
dD−2q2
~q 22 (~q2 − ~∆)2
×ΦA→A′(~q1, ~∆, s0)
∫ δ+i∞
δ−i∞
dω
2πi
[(
s
s0
)ω
Gω(~q1, ~q2, ~∆)
]
ΦB→B′(−~q2,−~∆, s0), (1)
where Ims means s-channel imaginary part, the vector sign is used for denotation of
the transverse components, D = 4 + 2ε is the space-time dimension different from 4 to
regularize both infrared and ultraviolet divergences and s0 is the energy scale parame-
ter. The Green’s function obeys the BFKL equation generalized for non-zero momentum
transfer [3]
ωGω(~q1, ~q2, ~∆) = ~q
2
1 (~q1− ~∆)2δ(D−2)(~q1−~q2)+
∫ dD−2k
~k2(~k − ~∆)2K(~q1,
~k, ~∆)Gω(~k, ~q2, ~∆) , (2)
where K is the NLA singlet kernel, and is completely defined by this equation. The
definition of the NLA impact factors has been given in Ref. [3]; in the case of scattering
2
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Figure 1: The kinematics of the virtual photon to vector meson impact factor.
of the particle A off a Reggeized gluon with momentum q1, for transverse momentum ~∆
and singlet color representation in the t-channel, the impact factor has the form [12]
ΦA→A′(~q1, ~∆, s0) =
δcc
′√
N2c − 1

( s0
~q 21
) 1
2
ω(−~q 2
1
) (
s0
(~q1 − ~∆)2
) 1
2
ω(−(~q1−~∆)2)
×∑
{f}
∫ dκ
2π
θ(sΛ − κ)dρfΓcA{f}
(
Γc
′
A′{f}
)∗
−1
2
∫
dD−2k
~k2(~k − ~∆)2Φ
Born
A→A′(
~k, ~∆, s0)KBornr (~k, ~q1, ~∆) ln
(
s2Λ
s0(~k − ~q1)2
)
, (3)
where c, c′ are the color indices of the Reggeized gluon in the initial and in the final state,
respectively, ω(t) is the Reggeized gluon trajectory in the LLA and the intermediate
parameter sΛ must be taken tending to infinity. The integration in the first term of the
above equality is carried out over the phase space dρf and over the squared invariant
mass κ of the system {f} produced in the fragmentation region of the particle A, ΓcA{f}
are the particle-Reggeon effective vertices for this production and the sum is taken over
all systems {f} which can be produced in the NLA. The second term in Eq. (3) is the
counterterm for the LLA part of the first one, so that the logarithmic dependence of both
terms on the intermediate parameter sΛ →∞ disappears in their sum; KBornr is the part
of the leading order BFKL kernel related to the real gluon production (see Ref. [3] for
more details). It was shown in Ref. [17] that the definition (3) guarantees the infrared
finiteness of the impact factors of colorless particles.
In this paper we will study in the NLA and in the forward (~∆ = 0) case the impact
factor which describes the transition of a virtual photon to a light neutral meson Φγ∗→V ,
V = ρ0, ω, φ. To start with, let us describe the kinematics which is presented in Fig. 1.
We introduce two auxiliary Sudakov vectors p1 and p2, such that p
2
1 = p
2
2 = 0 and
2(p1p2) = s. The virtual photon momentum is p = p1 − ζp2, where ζ = Q2/s. The large
negative virtuality of the photon p2 = −Q2 introduces a hard scale in the problem and
justifies the application of perturbative QCD. We denote the Reggeon momenta as
q =
κ+Q2 + ~q 2
s
p2 + q⊥ , q
2 = q2⊥ = −~q 2 ,
3
q′ =
κ+ ~q 2
s
p2 + q⊥ , (4)
where κ is the squared invariant mass of the intermediate state produced in the virtual
photon-Reggeon interaction. The component of the Reggeon momentum proportional
to the Sudakov vector p1 is inessential for the analysis of the impact factor, therefore
it is not included in Eqs. (4). We restrict our consideration to the forward case, when
the momentum transfer vector has only the longitudinal component, q − q′ = ζp2. We
remark that our denotation of Reggeon momenta here is slightly different from Eq. (3),
since we use the symbols q and q′ for the momenta of the incoming and outgoing Reggeon,
instead of q1 and q2 of Eq. (3). We assume that both the square of the Reggeon transverse
momentum ~q 2 and the virtuality of the photon Q2 are much larger than any hadronic
scale. In what follows we will neglect all power suppressed contributions. Therefore we
neglect the vector meson mass and denote the momentum of the produced vector meson
by the Sudakov vector p1.
We will show that in this kinematics the impact factor can be calculated in the collinear
factorization framework [18, 19, 20] which was developed for the QCD description of hard
exclusive processes. We will demonstrate by explicit calculation that the dominant helicity
amplitude is a transition of the longitudinally polarized photon γ∗L into the longitudinally
polarized meson VL, and that both in LLA and in NLA the expression for the impact
factor factorizes into the convolution1
Φγ∗
L
→VL(α, s0) = −
4πeqfV δ
cc′
NcQ
1∫
0
dz TH(z, α, s0, µF , µR)φ‖(z, µF ) (5)
of a perturbatively calculable hard-scattering amplitude, TH , and a meson twist-2 distri-
bution amplitude, φ‖(z). The distribution amplitude is defined as the vacuum-to-meson
matrix element of the light-cone operator
〈0|Ψ¯(0)γµΨ(y)|VL(p1)〉y2→0 = fV pµ1
1∫
0
dz e−iz(p1y) φ‖(z, µF ) , (6)
where fV ≃ 200MeV is the meson decay constant; it has the meaning of the probability
amplitude to find a meson in a state with minimal number of constituents – quark and
antiquark – when they are separated by small transverse distances, r⊥ ∼ 1/µF . Here µ2F ∼
Q2, ~q 2 is a factorization (or separation) scale at which soft and hard physics factorizes
according to Eq. (5). The variable z corresponds to the longitudinal momentum fraction
carried by the quark, for the antiquark the fraction is z¯ = 1−z. Finally, Nc = 3 in Eq. (5)
stands for the number of QCD colors, we introduced the ratio
α =
~q 2
Q2
, (7)
and separated other factors for further convenience. We use the conventions of [21] for
the vector meson distribution amplitude.
1Here and in the following we consider the unprojected impact factor, i.e. the impact factor as defined
in Eq. (3) except for the singlet color projector δcc
′
/
√
N2c − 1. The application of the color projector on
(5) will result in the replacement δcc′ →
√
N2c − 1.
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Eqs. (5) and (6) give the contribution to the impact factor of the single light quark
flavor q carrying electric charge eq. According to the neutral mesons flavor structure,
|ρ0〉 = 1√
2
(
|u¯u〉 − |d¯d〉
)
, |ω〉 = 1√
2
(
|u¯u〉+ |d¯d〉
)
, |φ〉 = |s¯s〉 , (8)
eq should be replaced by e/
√
2, e/(3
√
2) and −e/3 for the case of ρ0, ω and φ meson
production, respectively.
The hard-scattering amplitude TH is represented as a series in the QCD running
coupling constant αS(µR), where the renormalization scale µR is of the order of the hard
scale µ2R ∼ Q2, ~q 2. The distribution amplitude is a nonperturbative function, but its
dependence on the scale µF is perturbative,
µ2F
dφ‖(z, µF )
dµ2F
=
1∫
0
V (z, z′)φ‖(z
′, µF )dz
′ , (9)
and is determined by the renormalization group equation for the nonlocal light-cone op-
erator in the left-hand side of Eq. (6). It is renormalized at the scale µF , so that the
distribution amplitude depends on µF as well. The insertion of the path-ordered gauge
factor between the quark field operators in Eq. (6), which restores the gauge invariance
of the nonlocal matrix element, is implied. The local limit of this operator corresponds
to the conserved vector current, therefore
1∫
0
dz φ‖(z, µF ) (10)
is a renormalization-scale-invariant quantity and the normalization condition for the dis-
tribution amplitude
1∫
0
dz φ‖(z, µF ) = 1 (11)
corresponds to our convention for fV . The kernel of the evolution equation (9) is known
as an expansion in αS(µF ) up to the second order
V (z, z′) =
αs(µF )
2π
V (1)(z, z′) +
(
αs(µF )
2π
)2
V (2)(z, z′) + . . . . (12)
For the purposes of the present work, we need to remind the expression for V (1),
V (1)(z, z′) = CF
[
1− z
1− z′
(
1 +
1
z − z′
)
θ(z − z′) + z
z′
(
1 +
1
z′ − z
)
θ(z′ − z)
]
+
, (13)
where
[f(z, z′)]+ ≡ f(z, z′)− δ(z − z′)
∫ 1
0
dt f(t, z) . (14)
Let us now discuss briefly the cancellation of divergences in the final expression for
the NLA impact factor. We perform the calculations with unrenormalized quantities,
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the bare strong coupling constant αS and the bare meson distribution amplitude φ
(0)
‖ (z).
Therefore the NLA expression for the hard-scattering amplitude TH expressed in terms
of these quantities will contain both ultraviolet and infrared divergences, appearing as
poles in the common dimensional regularization parameter ε. The ultraviolet divergences
will disappear after the strong coupling constant renormalization. In the MS scheme, it
is given with the required accuracy by
αs = αs(µR)
[
1 +
αs(µR)
4π
β0
(
1
εˆ
+ ln
(
µ2R
µ2
))]
, (15)
where µ is the dimensional parameter introduced by the dimensional regularization,
β0 =
11Nc
3
− 2nf
3
,
1
εˆ
=
1
ε
+ γE − ln(4π) , (16)
where nf is the effective number of light quark flavors, γE is Euler’s constant. The sur-
viving infrared divergences will be only due to collinear singularities, the soft singularities
cancel as usual after summing the “virtual” and the “real” parts of the radiative cor-
rections. Since impact factors should be infrared-finite objects for physical transitions,
it must be possible to absorb the remaining infrared divergences into the definition of
the nonperturbative distribution amplitude. We will show that this is achieved by the
substitution of the bare distribution amplitude by the renormalized one, given in the MS
scheme by
φ
(0)
‖ (z)→ φ‖(z, µF )−
αs(µF )
2π
(
1
εˆ
+ ln
(
µ2F
µ2
)) 1∫
0
V (1)(z, z′)φ‖(z
′, µF )dz
′ , (17)
which leads to a finite expression for TH in the NLA. The success of the procedure de-
scribed above and the finiteness of the z integral obtained in the factorization formula (5)
would mean that the NLA impact factor in question can be unambiguously calculated in
the collinear factorization approach.
3 Impact factor in LLA
When the calculation of the impact factors in LLA is concerned, Reggeons are equivalent
to gluons with polarization vectors pµ2/s and the definition of the impact factor is reduced
to the following integral of the κ-channel discontinuity of the Reggeon (gluon) amplitude
Φγ∗→V = −i
∫
dκ
2π
DiscκAγ∗R→V R′ , (18)
where Aγ∗R→V R′ is given by the Fourier transform of the matrix element of the electro-
magnetic current Jµem = −eqΨ¯γµΨ,
(2π)4δ4(p+ q − p1 − q′)Aγ∗R→V R′ =
∫
d4x e−i(px)eµ〈V (p1)R′|Jµem(x)|R〉 , (19)
eµ being the polarization vector of the virtual photon.
6
pq q′
p1
V
(a) (b)
(c) (d)
Figure 2: Feynman diagrams at the lowest order for the γ∗R→ V R′ transition amplitude.
The lowest order Feynman diagrams for Aγ∗R→V R′ having κ-channel discontinuity are
shown in Fig. 2. Let us consider the diagram (a):
(2π)4δ4(p+ q − p1 − q′)A(a)γ∗R→V R′ = −eq(ig)2
∫
d4xd4yd4y1e
−i(px)−i(qy1)+i(q′y)
×
(
tctc
′
)
ij
eµ〈V (p1)|T

Ψi(x)γµ Ψ(x)Ψ(y1) 6p2
s
Ψ(y1)Ψ(y)
6p2
s
Ψj(y)

 |0〉 , (20)
here the symbols Ψ(x)Ψ(y1) and Ψ(y1)Ψ(y) stand for the fermion propagators, g is QCD
coupling, αS = g
2/(4π), tc and tc
′
denote the color generators in the fundamental rep-
resentation and (i, j) are the quark color indices. Using translational invariance, color
neutrality of the meson state and the Fierz identity, one can transform the meson matrix
element to the form
〈V (p1)|Ψiα(x)Ψjβ(y)|0〉 = ei(p1y)〈V (p1)|Ψiα(x− y)Ψjβ(0)|0〉 (21)
= ei(p1y)
δij
Nc
1
4
{
(γµ)βα〈V (p1)|Ψ(x− y)γµΨ(0)|0〉+ . . .
}
,
where ellipsis stand for the contributions of other Fierz structures. Fierz projectors having
even number of γ matrices correspond to the chiral-odd configuration of the quark pair.
Since in the massless limit chirality is conserved in the perturbative photon and gluon
vertices, these chiral-odd structures do not contribute to the amplitude. Formally this
appears as the vanishing of the trace of an odd number of γ matrices in the quark loop.
For the chiral-conserving case there is another possibility beyond γµ, the Fierz structure
γµγ5. The light-cone expansion for this operator starts from twist-3, see [21], therefore it
does not contribute to the impact factor at leading twist. The γµγ5 operator is important
for the production of transversely polarized vector mesons. It contributes, together with
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the twist-3 term parameterizing the γµ operator, to the leading power asymptotics for the
transversely polarized meson impact factor. But, in comparison to the production of lon-
gitudinally polarized meson, the transverse case contains an additional suppression factor
mV /Q, therefore we will concentrate in what follows on the leading power asymptotics of
the impact factor, which is given by the production of a longitudinally polarized meson.
Substituting (21) into Eq. (20) we obtain
A(a)γ∗R→VLR′ = −
eqg
2δcc
′
8Nc
∫ d4l1d4l2d4(x− y)
(2π)4
δ4(l1 − l2 − q)e−i((p+l1)(x−y))
× Sp
[
6e 6 l1
l21 + iǫ
6p2
s
6 l2
l22 + iǫ
6p2
s
γµ
]
〈VL(p1)|Ψ(x− y)γµΨ(0)|0〉 . (22)
The leading power asymptotics of the integral (22) originates from the region where the
interquark separation goes to the light-cone, (x − y)2 → 0. Replacing the bilocal quark
operator by its light-cone limit
〈VL(p1)|Ψ(y)γµΨ(0)|0〉y2→0 = fV pµ1
1∫
0
dz eiz(p1y)φ‖(z) , (23)
and performing the integrals, we find
A(a)γ∗R→VLR′ = −
eqg
2fV δ
cc′
8Nc
1∫
0
dzφ‖(z)
∫
d4l1δ
4(p1z − p− l1)
× Sp
[
6e 6 l1
l21 + iǫ
6p2
s
6 l1− 6q
(l1 − q)2 + iǫ
6p2
s
6p1
]
. (24)
This consideration shows that the quark lines entering the meson blob in the Fig. 2(a)
belong actually to the light-cone operator (23). The delta function in (24) means that
the remaining part of the diagram which contributes to the hard-scattering amplitude is
calculated for the quark and antiquark momenta, p1z and p1z¯, being on-shell.
Going back from the Reggeon scattering amplitude to the impact factor, we see that
in LLA only one particle intermediate states contribute to the discontinuity in Eq. (18).
In the case of the diagram Fig. 2(a) it is an antiquark cut
i
2π
Discκ
1
(l1 − q)2 + iǫ = δ((l1 − q)
2) = δ((p1z − p− q)2) = δ(z¯κ− z~q 2) . (25)
According to Eqs. (24) and (25), the contribution of diagram Fig. 2(a) to the impact
factor reads
Φ
(a)
γ∗
L
→VL
= −eqg
2fV δ
cc′(ep1)
2NcQ2
1∫
0
dz φ‖(z) . (26)
We see that only the longitudinal polarization of the photon contributes. The polarization
vector for longitudinally polarized photon reads
eL =
1
Q
p1 +
Q
s
p2 =
1
Q
p+ 2
Q
s
p2 , (eLp) = 0 , e
2
L = 1 . (27)
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pq
(0 + 1) (0 + 1)
q′
zp1
−z¯p1
(a)
p
q
(0) (0)
q′
zp1
−z¯p1
(b)
Figure 3: The contributions to the impact factor from two-particle (a) and three-particle
(b) intermediate states.
Due to the U(1) gauge invariance, one can omit the first term in the above expression
and use the simpler vector
eL → eL = 2Q
s
p2 . (28)
The consideration of the other diagrams of Fig. 2 goes along similar lines. Here we
cite the final result for the hard-scattering amplitude entering the LLA impact factor
T
(0)
H (z, α, s0, µF , µR) = αS
α
α+ zz¯
. (29)
This result coincides with what found in Ref. [22]. Note that method used here may
be directly applied to the calculation of the impact factors describing meson production
at nonzero momentum transfer ~∆ and for transverse polarization. Some results for the
corresponding LLA impact factors may be found in [23, 24].
We see that due to collinear factorization, which effectively puts some fermion lines
on the mass-shell, the complexity of the intermediate state contributing to the impact
factor is reduced in comparison to the case of the virtual photon impact factor Φγ∗→γ∗ .
Actually we have a one-particle state instead of a two-particle one in the LLA, and as
we will shortly see not more than two-particle intermediate states in the NLA, whereas a
three-particle state contributes in the NLA to the Φγ∗→γ∗ impact factor. Due to this, the
calculation of Φγ∗→V is much simpler than that of Φγ∗→γ∗ . This allows to obtain closed
analytical expression for the Φγ∗→V impact factor in the NLA, as we show in the following
Section.
4 Impact factor in NLA
The impact factor is defined as an integral over the intermediate states produced in the
γ∗-Reggeon interaction, see Eq. (3). In the NLA both two particle quark-antiquark (qq¯)
9
(0)
p
q
=
p
q
+
p
q
(a)
(0)
zp1
−z¯p1
q′
=
zp1
−z¯p1
q′
+
−z¯p1
zp1
q′
(b)
Figure 4: The lowest order Feynman diagrams describing Reggeon-photon (a) and
Reggeon-meson (b) vertices.
and three-particle quark-antiquark-gluon (qq¯g) intermediate states contribute. They are
shown in Fig. 3(a) and Fig. 3(b), respectively. To calculate the impact factor in the NLA
one has to know the (qq¯) production vertices with NLA accuracy and the (qq¯g) ones at
the Born level.
In the previous Section we demonstrated in detail how the impact factor factorizes into
a convolution of the distribution amplitude φ‖(z) and the hard-scattering amplitude TH ,
where the latter involves the qq¯-pair production on the mass-shell. One can formulate a
practical rule for the calculation of the meson impact factor. It can be obtained considering
the impact factor describing the free qq¯ production, Φγ∗→qq¯, and replacing the quark
spinors as follows:
viα(p1z¯)u¯
j
β(p1z)→
δij
Nc
fV
4
( 6p1)αβ φ‖(z)dz . (30)
The Born Reggeon-photon vertex is given by the two diagrams in Fig. 4(a) (see [22,
25])
Γ
(0)
γ∗
L
qq¯ = 2eqgQ(t
c)ijzz¯
(
1
~q 21 +Q
2zz¯
− 1
~q 22 +Q
2zz¯
)
u¯iα(q1)
( 6p2
s
)
αβ
vjβ(q2) , (31)
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pq
(1) (0)
q′
zp1
−z¯p1
+
p
q
(0) (1)
q′
zp1
−z¯p1
Figure 5: The contribution of the quark-antiquark intermediate state at the next-to-
leading order (NLO).
where q1 and q2 denote the momenta of the quark and of the antiquark. The contributions
to the Reggeon-meson vertex at the leading order are shown in Fig. 4(b). Due to collinear
factorization, quark lines labeled by p1z and p1z¯ should be included in the definition of
the meson distribution amplitude φ‖(z). Therefore, for calculating TH one can use the
following expression for the LO Reggeon-meson vertex,
(
Γ
(0)
VLqq¯
)∗
=
gfV
4Nc
(tc
′
)ji φ‖(z) dz

v¯jβ(q′ + p1z¯)
( 6p2
s
6p1
)
βα
+
(
6p1 6p2
s
)
βα
uiα(p1z + q
′)

 , (32)
where the first and the second terms represent the contributions of the first and the second
diagrams of Fig. 4(b), respectively. They have been drawn as disconnected diagrams,
where the upper quark (antiquark) line is shown to indicate that, in the convolution of
this vertex with the Reggeon-photon one, the corresponding quark (antiquark) spinor in
the expression of the Reggeon-photon vertex (31) has to be amputated because this quark
(antiquark) line is a part of φ‖(z). Therefore the two-particle intermediate state (qq¯) is
effectively reduced to a one-particle antiquark (quark) state to be cut according to the
definition of the impact factor. Performing the convolution of the two Born vertices given
by Eqs. (31) and (32) one gets again the result (29).
The radiation correction to the impact factor may be divided into two parts,
T
(1)
H = T
(qq¯) + T (qq¯g) . (33)
Here the first term represents the contribution of the (qq¯) intermediate state shown in
Fig. 5, when one of the Reggeon effective vertices is taken at one-loop order. The second
term in Eq. (33) is the (qq¯g) contribution, see Fig. 3(b), which appears first only in the
NLA. In that case, it is enough to take the corresponding Reggeon interactions at the
Born level. We proceed now to the evaluation of the (qq¯) contribution.
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(1)
zp1
−z¯p1
q′
=
(1)
+
(1)
+ (1 c)
Figure 6: The separation of the Reggeon-meson NLO vertex into the connected (1c) and
the disconnected (1) parts.
4.1 Quark-antiquark intermediate state
According to Fig. 5, T (qq¯) is given by the sum of two terms which correspond to the
corrections either to the Reggeon-photon or to the Reggeon-meson interaction:
T (qq¯) = T
(qq¯)
γ∗ + T
(qq¯)
V . (34)
The NLA contribution to the Reggeon-meson effective vertex is shown in Fig. 6 and
it splits naturally into the sum of the three different contributions:
T
(qq¯)
V = T
(1q¯)
V + T
(1q)
V + T
(1c)
V . (35)
Here the first two terms represent the contributions of disconnected diagrams which are
expressed in terms of NLA effective Reggeon-antiquark and Reggeon-quark vertices. They
are similar to the disconnected diagrams of Fig. 4(b) which appear at the Born level.
In the case of T
(1q¯)
V , the two-particle (qq¯) intermediate state reduces effectively, due to
collinear factorization, to a one-particle antiquark state, whereas in the case of T
(1q)
V it
reduces to a one-particle quark intermediate state. The last term in Eq. (35) stands for
the contribution to T
(qq¯)
V from the connected part of the NLA Reggeon-meson effective
vertex, which is shown in Fig. 7. The calculation of T
(1c)
V involves the integration over the
two-particle (qq¯) state.
The virtual photon-Reggeon effective vertices were studied in the NLA in [25]. Con-
sidering T
(qq¯)
γ∗ , we found it convenient to distinguish two contributions denoted T
(1a)
γ∗ and
T
(1b)
γ∗ :
T
(qq¯)
γ∗ = T
(1a)
γ∗ + T
(1b)
γ∗ . (36)
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(1 c)
zp1
−z¯p1
q′
=
(a)
+
(b)
+
(c)
+
(d)
+
(e)
Figure 7: The Feynman diagrams for the connected Reggeon-meson vertex.
According to Fig. 8, T
(1b)
γ∗ originates from the particular contribution to the photon-
Reggeon vertex given by the sum of two box diagrams shown in Fig. 8(b); T
(1a)
γ∗ stands for
the contribution to T
(qq¯)
γ∗ which comes from all other contributions to the NLA photon-
Reggeon vertex except those two box diagrams (for more details see [25]). The reason for
such separation is that we will combine and consider together the connected contribution
to T
(qq¯)
V and the contribution to T
(qq¯)
γ∗ coming from the box diagrams. This allows to
perform the cancellation of some terms in the sum of T
(1c)
V and T
(1b)
γ∗ in intermediate steps
of the calculation.
Thus, the contribution of the (qq¯) intermediate state to the NLA impact factor may
be represented as the sum of three terms
T (qq¯) = T1 + T2 + T3 , (37)
where
T1 = T
(1a)
γ∗ , T2 = T
(1c)
V + T
(1b)
γ∗ , T3 = T
(1q¯)
V + T
(1q)
V . (38)
Using the results of [25] and calculating the corresponding integrals in our kinematics,
we find the following result for T1
T1 =
g2Γ[1− ε] (Q2/µ2)ε
(4π)2+ε
T
(0)
H [ τ1(z) + τ1(z¯) ] , (39)
where2
τ1(z) = − β0
4 ε
+Nc
[
− 1
2 ε2
+
3− 2 lnα− 4 ln z
4 ε
]
+
1
Ncε
[
−1
4
+
α+ zz¯
2 (α− z2) −
α (z + αz¯)
α2 − z2
2Here and in the expressions for τ2(z), ..., τ5(z) which will appear below we used the z ↔ z¯ symmetry
in order to simplify the results.
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− z
2
2 (α− z2)2 lnα +
α(α+ zz¯)
2(α− z)2 ln
(
α
z
)
+
(
α z3
2 z¯(α + z)2
− z
2
2(α− z2)2
)
ln
(
α + zz¯
αz
)]
+nf
[
− 5
18
+
lnα
6
]
+
1
Nc
[
1− 5 z
4 (α− z2) +
5 z (α + zz¯)
2 (α2 − z2) −
(
2− z
4z¯
+
(2− z) z
2 (α− z)
+
5 z4
4 z¯ (α + z)2
− z
2 (2 + 3 z)
4 z¯ (α + z)
)
lnα +
1− 2zz¯
8α
ln
(
α+ zz¯
zz¯
)
+
(
α (α+ zz¯)
4 (α− z)2 −
α z3
4 z¯ (α + z)2
)
ln2 α− α(α + zz¯)
4(α− z)2 ln
2 z
+
(
1− 2 z
4 z¯
+
7 z − z2
4 (α− z) +
5 (2 z2 − z3)
4 (α− z)2
)
ln
(
z
α
)
+
(
5 z4
4 z¯ (α + z)2
− 4 z
2 + z3
4 z¯ (α + z)
+
6 z2 − 4 z3 − α + 4 z α
4 (α− z2)2
)
ln
(
α + zz¯
z
)
+
(
α z3
4 z¯ (α+ z)2
− z
2
4 (α− z2)2
)
ln2
(
α + zz¯
z
)]
+Nc
[
1
9
+
α(α+ zz¯)
4 (α− z) (α− z2) −
3
4
ln2 α− 1
2
ln2
(
α + zz¯
z
)
+
(
z3
4 z¯ (α− z2)2 +
z
2 (α− z2) −
z2
4 z¯ (α + z)
)
ln
(
α+ zz¯
z
)
−
(
1
6
+
α + zz¯
4z¯ (α + z)
)
ln α
+
α2 − 2 z¯ z2 − α z(1 + z)
4 z¯ (α− z)2 ln
(
α
z
)
− ln
(
α+ z
z2
)
ln
(
α + zz¯
αz
)
−Li2
(
− z
α
)
+ Li2
(
−zz¯
α
)
− Li2
(
z − α
z
)
− Li2
(
−α + zz¯
z2
)]
(40)
and
Li2(z) = −
z∫
0
dt
t
ln(1− t) . (41)
Our result for T2 is
T2 =
g2Γ[1− ε] (Q2/µ2)ε
(4π)2+ε
T
(0)
H [ τ2(z) + τ2(z¯) ] , (42)
where
τ2(z) =
α + zz¯
α
∫
d2+2ε~l (Q2)
1−ε
π1+εΓ[1− ε]
1∫
0
du
uu¯
zz¯
×

(1− ε
4
CF +
1
4Nc
) 1(
~l − ~q
)2 − 1~l 2

 1
~l 2 +Q2uu¯
− 1
2Nc

 z¯(u− z)
[
(1 + ε)z¯~l 2 − (1 + (1 + ε)(u− z)) (~l~q) + u~q 2
]
~l 2
[(
~l − ~q
)2
+Q2uu¯
] (
~lz¯ − (u− z)~q
)2
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(1)
p
q
= (1 a) + (1 b)
(a)
(1 b)
p
q
= +
(b)
Figure 8: (a) The separation of the NLO virtual photon-Reggeon vertex into the sum of
two contributions (1a) and (1b). (b) The contribution (1b) is given by two box diagrams.
+
u¯z3z¯2
[
(1 + ε)z¯~l 2 − (1− (1 + ε)zu¯) (~l~q) + uz~q 2
]
~l 2
[
z¯
(
~l − u¯~q
)2
+ uu¯ (~q 2 +Q2zz¯)
] (
~lz¯ + zu¯~q
)2
−
uz2
[
(1 + ε)z~l 2 − (1 + (1 + ε)zu) (~l~q) + (1− u¯z)~q 2
]
~l 2
[
~l 2 +Q2uu¯z
] (
~l − u~q
)2



 . (43)
Note that the box diagrams in Fig. 8(b) and the diagrams Fig. 7(a) and Fig. 7(b) contain
imaginary parts. But combined together in T2 these imaginary parts cancel. We made
this cancellation explicit proceeding in the following way. In the loop integrals for box
diagrams we split the loop integration into the integral over the transverse part of the
loop momentum and the integral over the two Sudakov variables. Then, we performed
the integration over one of the Sudakov variables. After that, we combined the results for
box diagrams with all other contributions to T2 and using some algebraic transformations
obtained the representation (43).
The integration of (43) gives
τ2(z) =
CF
ε
[
−α + zz¯
4 c zz¯
ln
(
2 c+ 1
2 c− 1
)]
+
1
Nc
[
1
2 ε2
+
1
ε
(
z (α + zz¯)
α2 − z2
− α + zz¯
2 (α− z2) +
(
1
2
+
z2
2 (α− z2)2
)
lnα +
α (α + zz¯)
2 (α− z)2 ln
(
z
α
)
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+(
z2
2 (α− z2)2 −
αz3
2z¯ (α + z)2
)
ln
(
α+ zz¯
αz
))]
+CF
[
α + zz¯
2zz¯
(
1
α
(
2 c ln
(
2 c+ 1
2 c− 1
)
+ lnα
)
+
1
c
(
π2
6
+ lnα ln 4− ln2 c
+2 ln c ln
(
2 c− 1
4
)
− ln2(2 c+ 1) + 1
2
ln
(
2 c+ 1
2 c− 1
)
+
1
4
ln2
(
2 c+ 1
2 c− 1
)
− 2Li2
(
2 c− 1
4 c
)
− Li2
(
2
1 + 2 c
)))]
+
1
Nc
[
α + zz¯
4z2z¯2
(
2 c ln
(
2 c+ 1
2 c− 1
)
+ lnα− 2
)
−α
2 + α z − z¯ z3
2z3z¯
(
ln
(
α z
α + zz¯
)
ln
(
α + z
α
)
+ ln
(
2 c+ 1
2 c− 1
)
ln
(
2α+ z (1 + 2 c)
2α + z (1− 2 c)
)
+
π2
6
+ 2Li2
(
2 z
1− 2 c
)
+ 2Li2
(
2 z
1 + 2 c
)
− Li2
(
− z
α
)
+ Li2
(
− z
2
α + zz¯
)
+Li2
(
z − α
z
)
+
1
2
ln2
(
α + zz¯
α
))
− π
2
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+
3 + 2z
2z
+
α
2 z2 z¯2
− 8 z − 9 z
2
4z¯ (α− z)
+
5 z − 4 z2
4z¯(α− z2) +
5 z3
2(α2 − z2) +
(
5 z4
4 z¯ (α+ z)2
+
3 z − z2 − α
2 (α− z) −
3 z2 + 3 z3
4 z¯ (α + z)
)
lnα
+
(
1
4
+
α z3
4 z¯ (α + z)2
)
ln2 α +
1− 2zz¯
8α
ln
(
zz¯
α + zz¯
)
+
1
4zz¯
ln (α+ zz¯)
+
(
1
4
+
3 z − z2
4 (α− z) +
2 z2 − z3
4 (α− z)2
) (
ln2 z − ln2 α
)
−
(
1
2
+
4 z − 7 z2 + z3
4 z¯ (α− z) +
8 z2 − 14 z3 + 5 z4
4 z¯(α− z)2
)
ln
(
z
α
)
+
(
5 z2 + z3
4z¯(α + z)
− 5 z
4
4 z¯ (α + z)2
− 5 z
2 − 4 z3
4 z¯(α− z2)2 +
1− 5 z + 6 z2
4 z¯ (α− z2)
)
ln
(
α + zz¯
z
)
+
(
1
4
− αz
3
4 z¯ (α + z)2
− α (α + z)
4 z¯z3
+
z2
4(α− z2)2
)
ln2
(
α + zz¯
z
)]
, (44)
where we used the notation c =
√
α + 1/4 .
Finally, using the result for the NLA quark-quark-Reggeon effective vertex [26] we
obtain
T3 =
g2Γ[1− ε] (Q2/µ2)ε
(4π)2+ε
T
(0)
H [ τ3(z) + τ3(z¯) ] , (45)
where
τ3(z) = − β0
4 ε
+ CF
[
− 1
ε2
+
3
2 ε
− lnα + 2 ln z
ε
]
− ln z
Ncε
+ nf
[
− 5
18
+
lnα
6
]
+CF
[
13
18
+
2π2
3
− lnα
3
− 1
2
ln2 α− 2 lnα ln z
]
+
1
Nc
[
85 + 9π2
36
− 11 lnα
12
− lnα ln z
]
.
(46)
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4.2 Quark-antiquark-gluon intermediate state
We proceed now to the evaluation of the contribution to the impact factor from the
(qq¯g) intermediate state shown in Fig. 3(b). For this purpose we need the (qq¯g) produc-
tion vertices at the Born level. Examining the Feynman diagrams for the corresponding
Reggeon-meson vertex, one can easily see that at the Born level only disconnected dia-
grams contribute, i.e. in each diagram either the quark or the antiquark cut line enters
directly the meson vertex and therefore is absorbed into the definition of the meson dis-
tribution amplitude. Thus the Reggeon-meson vertex can be represented as the sum of
two contributions,
ΓVLqq¯g = Γ
q
VLqq¯g
+ Γq¯VLqq¯g . (47)
Consequently, one deals here with the contributions of effective two-particle intermediate
states, the antiquark-gluon one (related to ΓqVLqq¯g) and the quark-gluon one (related to
Γq¯VLqq¯g), which are shown in the first and the second diagrams in Fig. 9(a). Since due
to the charge conjugation symmetry these two contributions are related to each other, it
is enough to evaluate one of them, say the first diagram of Fig. 9(a), with the effective
antiquark-gluon cut. The result for the diagram with the effective quark-gluon cut is
obtained from the contribution of the antiquark-gluon one by the replacement z → z¯.
Therefore, in what follows we will consider the antiquark-gluon cut.
According to the first diagram in Fig. 9(a), to calculate ΓqVLqq¯g one needs to consider the
gluon bremsstrahlung from the antiquark line, described by the three diagrams shown in
Fig. 9(b). After a simple calculation we obtain the following result for the corresponding
part of Reggeon-meson vertex
(
ΓqVLqq¯g
)∗
= −g
2fV
4Nc
v¯jβ(q2)
([
2z¯
(
~T~e a
)
+ z3 6e a⊥6T
] 6p2
s
6p1
)
βα
φ‖(z) dz . (48)
Here q2 = z2p1 + (~q
2
2 /z2)(p2/s) + q2⊥ denotes the momentum of the cut antiquark, the
momentum of the cut gluon is k = z3p1 + (~k
2/z3)(p2/s) + k⊥,
z2 + z3 = 1− z , k⊥ + q2⊥ = q⊥ . (49)
The polarization state of the cut gluon is described by the 4-vector ea, which can be
expressed in the gauge eap2 = 0 as
ea =
2(~e a~k)
z3 s
p2 + e
a
⊥ , e
ak = 0 , (50)
where the index a describes the color state of the gluon, and the transverse vector ea⊥
parameterizes two different physical polarization states of the gluon, (e a⊥)
2 = −(~e a)2.
The other transverse vector entering (48) is
~T =
(
z¯~q2 − z2~q
(z¯~q2 − z2~q )2 −
~q2
z¯~q 22
)
(tatc
′
)ji +
1
z¯

 ~k
~k2
+
~q2
~q 22

 (tc′ta)ji , (51)
where the indices i, j describe the color states of the quark and of the antiquark, respec-
tively.
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The Reggeon-photon (qq¯g) production vertex was considered in [25]. Similarly to the
Reggeon-meson vertex discussed above, we rewrite the Reggeon-photon vertex in terms
of the transverse gluon polarization vector ea⊥ and of other two transverse vectors which
we denote ~Tq and ~Tq¯:
Γγ∗
L
qq¯g = −2 eq g2Q u¯iα(zp1)
([
2
(
~e a(~Tqz¯ − ~Tq¯z)
)
+ z3 ( 6Tq+ 6Tq¯) 6e a⊥
] 6p2
s
)
αβ
vjβ(q2) , (52)
where
~Tq =

 z¯~q2 − z2~q
(z¯~q2 − z2~q)2

 1
Q2
− 1
Q2 + ~q
2
z
+
~q 2
2
z2
+
~k2
z3

− ~q2
Q2 +
~q 2
2
z¯
z2z3
1
Q2z2z3

 (tcta)ij
+
1
Q2z2z3

 ~k
Q2 +
~k2z¯
z2z3
+
~q2
Q2 +
~q 2
2
z¯
z2z3

 (tatc)ij , (53)
and
~Tq¯ = (t
cta)ij

 z~q2 − z¯2~q
(z~q2 − z¯2~q)2

 1
Q2 +
~q 2
2
z2z¯2
− 1
Q2 + ~q
2
z
+
~q 2
2
z2
+
~k2
z3

+ ~q2
Q2 +
~q 2
2
z2z¯2
1
Q2zz2z¯2
− ~q2
Q2 +
~q 2
2
z¯
z2z3
z¯
Q2zz2z3

+ (tatc)ij
z

 ~k
~k2

 1
Q2 +
~q 2
2
z2z¯2
− 1
Q2

 (54)
+
z¯
Q2z2z3

 ~k
Q2 +
~k2z¯
z2z3
+
~q2
Q2 +
~q 2
2
z¯
z2z3

− ~q2
Q2 +
~q 2
2
z2z¯2
1
Q2z2z¯2

 ,
with z¯2 = 1− z2 = z + z3.
Note that the quantities ~T , ~Tq and ~Tq¯ and, therefore, the Reggeon vertices ΓVLqq¯g and
Γγ∗
L
qq¯g, vanish when the Reggeon transverse momentum ~q tends to zero.
The convolution3 of the Reggeon vertices (52) and (48), with the subsequent sum-
mation over the Dirac and the color indices of the cut antiquark and gluon, gives the
following contribution of the diagrams in Fig. 9(a) to the impact factor:
− eqg
4fVQ
Nc(2π)3+2ε
1∫
0
φ‖(z) dz
z¯∫
0
dz3
z3
d2+2ε~q2 θ(sΛ − κ)
[
(~Tq ~T )(2z¯z2 + (1 + ε)z
2
3) + (
~Tq¯ ~T )(z3(2z − 1)− 2zz¯ + (1 + ε)z23)
]
, (55)
where in (~Tq ~T ) and (~Tq¯ ~T ) the sum over the quark and the gluon color indices i, j and
a is implied. The integrals over dz3 and d
2+2ε~q2 in (55) stand for the integration over
the antiquark-gluon intermediate state. For z3 → 0 the integral (55) would diverge
if the invariant mass κ were allowed to become arbitrarily large, this corresponding to
3Beforehand, the quark spinor u¯iβ(p1z) has to be amputated from the photon vertex, since it belongs
to the definition of the meson distribution amplitude.
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the radiation of the gluon in the central region, away from the fragmentation region of
the virtual photon. Such a gluon radiation has to be assigned to the Reggeon Green’s
function and subtracted from the impact factor. The corresponding separation procedure,
described in [3, 17], leads to the appearance of the θ(sΛ−κ) in the definition of the impact
factor (see Eq. (3)) and to the need to subtract the so-called counterterm, given by the
second term in the r.h.s. of Eq. (3). Since
κ =
~k2
z3
+
~q 22
z2
− ~q 2 (56)
and the integral is restricted by the condition θ(sΛ−κ), with sΛ →∞, the lower boundary
of the z3 integral in (55) is z
min
3 =
~k2
sΛ
.
We define the divergent part of (55) for z3 → 0 as
− 2eqg
4fVQ
Nc(2π)3+2ε
1∫
0
φ‖(z) dz
z¯∫
0
dz3
z3
d2+2ε~q2
[
z¯(~Tqz¯ − ~Tq¯z)~T
]
z3→0
, (57)
where [
z¯(~Tqz¯ − ~Tq¯z)~T
]
z3→0
=
Ncδ
cc′
2Q2
~q 2
~k2[~q 22 +Q
2zz¯]
. (58)
Integrating over z3 in (57) we obtain
−eqg
4fV δ
cc′
Q(2π)3+2ε
1∫
0
φ‖(z) dz
∫
d2+2ε~q2
~q 2
(~q2 − ~q)2[~q 22 +Q2zz¯]
ln
(
z¯sΛ
(~q2 − ~q)2
)
. (59)
The consideration of the contribution of the diagrams shown in Fig. 9(b) goes along
the same lines. Similarly to (59), we define the contribution which is singular for sΛ →∞,
given by the replacement z → z¯ in (59). Then in the sum of these two contributions with
the BFKL subtraction term we find that sΛ cancels out and arrive at some finite contri-
bution to the impact factor which is denoted below as T4. Thus, the total contribution of
the (qq¯g) intermediate state to the NLA impact factor may be represented as the sum of
two terms,
T (qq¯g) = T4 + T5 , (60)
where the results for T4 and T5 are presented, as usual, in the form
T4,5 =
g2Γ[1− ε] (Q2/µ2)ε
(4π)2+ε
T
(0)
H [ τ4,5(z) + τ4,5(z¯) ] . (61)
The procedure described above gives for τ4 the following expression:
τ4(z) =
(α + zz¯)Nc (Q
2)
1−ε
π1+εΓ[1− ε]
∫
d2+2ε~q2
(~q2 − ~q)2[~q 22 +Q2zz¯]
ln
(
zz¯s0
(~q2 − ~q)2
)
+
Nc Γ
2[1 + ε](α)ε
εΓ[1 + 2ε]
ln
(
αQ2
s0
)
, (62)
19
and for τ5(z) one arrives naturally at two contributions
τ5(z) = τ
a
5 (z) + τ
b
5(z) , (63)
where
δcc
′
τa5 (z) =
2 (Q2)
1−ε
π1+εΓ[1− ε]
(α + zz¯)
α
z¯∫
0
dz3
z3
d2+2ε~q2
[
2z¯2
(
~Tq ~T − ~Tq ~T |z3→0
)
− 2zz¯
(
~Tq¯ ~T − ~Tq¯ ~T |z3→0
)]
(64)
and
δcc
′
τ b5(z) =
2 (Q2)
1−ε
π1+εΓ[1− ε]
(α+ zz¯)
α
z¯∫
0
dz3d
2+2ε~q2
[
(2z − 1 + z3(1 + ε))
(
~Tq¯ ~T
)
− (2z¯ − z3(1 + ε))
(
~Tq ~T
)]
. (65)
After a long calculation we find
τa5 (z) =
2CF
ε
z¯∫
0
dz3
(
2z − 1 + z3
α + z2z¯2
)
− 1
Nc
(
1
ε2
+
lnα
ε
)
+2CF

−π2
6
+
z¯∫
0
dz3
(
2z − 1 + z3
α+ z2z¯2
)
ln
(
(α + z2z¯2)
2
z2z¯2
)
+Nc
z¯∫
0
dz3
z3
ln
(
αz2(αz2 + z¯
2z¯2)(α + z2z¯2)
2
z¯z¯2(αz¯2 + zz3)(α+ zz¯)3
)
− 1
Nc

 ln2 α
2
+
z¯∫
0
dz3
{
ln(α+ z2z¯2)
(
z¯
α + z¯z¯2
− z
α+ zz2
)
+
z¯
α + z¯z¯2
ln
(
αz2 + z¯
2z¯2
αz23 z¯2
)
+
z
α+ zz2
ln
(
z3(αz¯3 + zz2)
α + zz¯
)}]
(66)
and
τ b5(z) = −
CF
ε
z¯∫
0
dz3
{(
2z − 1 + z3
α + z2z¯2
)
α + zz¯
zz¯
− z3 − 2z¯
z¯2
}
+Nc
α + zz¯
α
z¯∫
0
dz3 ln
(
αz¯ + z2z3
z2z3
)(
2z − 1 + z3
zz¯
+
z3 − 2z¯
z¯2
)
+
z¯∫
0
dz3
{
CF
[
−α + zz¯
zz¯
(
z3
α + z2z¯2
+
2z − 1 + z3
α + z2z¯2
ln
(
(α + z2z¯2)
2
z2z¯2
))
+
z3
z¯2
+
2z − 1 + z3
α
ln
(
αz2 + z¯
2z¯2
z¯z3
)
+
(α+ zz¯)(2z − 1 + z3)
αzz¯
ln
(
z¯(αz¯2 + zz3)(αz2 + z¯z3)
z3(α + zz¯)(αz2 + z¯2z¯2)
)
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+
(α + zz¯)(z3 − 2z¯)
z¯2α
ln
(
αz22(αz2 + z¯z3)
z¯3z3
)
+
z(z3 − 2z¯)
z¯α
ln
(
z¯3(αz¯2 + zz3)
αz3z
2
2(α + zz¯)
)]
− 1
2Nc
[
(α + zz¯)(2z − 1 + z3)
zz¯α
(
2− zz2
α + zz2
− z¯z¯2
α+ z¯z¯2
)
ln (α + z2z¯2)
+
(α + zz¯)(z3 − 2z¯)
z¯2α
ln
(
z33(αz3 + z¯z2)
z32(αz2 + z¯z3)
)
+
z(z3 − 2z¯)
z¯α
ln
(
z2(αz¯3 + zz2)
z3(αz¯2 + zz3)
)
+
(α + zz¯)(2z − 1 + z3)
αzz¯
(
ln
(
(α + zz¯)(αz3 + z¯z2)(αz2 + z¯
2z¯2)
αz¯2z
2
2z3(αz¯2 + zz3)(αz2 + z¯z3)
)
+
zz2
α + zz2
ln
(
z3(αz¯3 + zz2)
α+ zz¯
)
+
z¯z¯2
α + z¯z¯2
ln
(
αz¯2z
2
3
αz2 + z¯2z¯2
))]}
. (67)
The integration over ~q2 in τ4(z) is quite simple and leads to
τ4(z) =
(
CF +
1
2Nc
)[
2
ε2
+
2 lnα + 4 ln z
ε
+ 4 ln
(
s0/Q
2
α + zz¯
)
ln
(
α + zz¯
z
)
+2 lnα ln
(
αQ2
s0
)
− π
2
3
+ ln2 α+ 4 ln z ln
(
(α+ zz¯)3
αzz¯
)
+ 2Li2
(
−zz¯
α
)]
. (68)
For τ5(z) a more cumbersome calculation gives
τ5(z) =
CF
ε
[
(α− zz¯)
2 zz¯
(
(1− 2 z)
c
ln(1 + 2 c− 2 z)− ln
(
α + zz¯
α
))
− 3
2
]
+
1
Nc
[
− 1
ε2
− lnα
ε
]
+Nc
[
−π
2
6
− ln2 α+ ln(αz) ln(α + zz¯)
+ ln
(
αz
α+ zz¯
)
ln
(
α+ z
α+ zz¯
)
+
1
2
ln2
(
αz
α + zz¯
)
− 1
2
ln2
(
z
z¯
)
−(α + zz¯)
2α z z¯

z ln(α
z
)
+
√
z (4α + z) ln

 z +
√
z (4α+ z)
−z +
√
z (4α + z)



+ 2Li2
(
2 z
1− 2 c
)
+2Li2
(
2 z
1 + 2 c
)
+ Li2
(
−zz¯
α
)
+ Li2
(
z − α
z
)
− Li2
(
− z
α
)
+ Li2
(
− z
2
α + zz¯
)]
+CF
[
3− π
2
3
− 2 lnα ln z + 2 ln
(
α
z
)
ln
(
α + zz¯
z
)
− 1
2
ln2 α
− (2− z) z
2 z¯ (α− z) +
z2
2 z¯ (α− z2) −
(1− 2z) (α + zz¯)
2 c z z¯
ln(1 + 2c− 2z)
−
(
z
2 (α− z) −
(2− z) z2
2z¯(α− z)2 +
1 + z
2 z¯
)
ln
(
α
z
)
+ ln2
(
2 c− 1
2 z
)
+ ln2
(
1 + 2 c
2 z
)
+ 4 ln
(
1 + 2 c− 2 z
2 c− 1
)
ln
(
1 + 2 c− 2 z
2 z
)
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−2 ln
(
1 + 2 c
2 z
)
ln
(
1 + 2 c− 2 z
2 z
)
− (α + zz¯)
2 z¯ (α + z)
ln z + ln z ln
(
1 + 2c− 2z
2c− 1 + 2z
)
−
(
α
2 z z¯
+
z2
2 z¯ (α + z)
)
ln
(
α+ zz¯
α
)
+
(α + zz¯)
2 z z¯
(
ln2 α
2
+ 2 ln z ln
(
α + zz¯
α
)
+ ln2
(
2 c− 1
2
)
+ ln2
(
1 + 2 c
2
)
− ln2(α+ zz¯)
)
− ln
(
1 + 2 c
2 z
)
ln
(
α + zz¯
z2
)
−
(
z3
2 z¯ (α− z2)2 +
z
α− z2 +
5− 7 z
2 z¯
)
ln
(
α + zz¯
z
)
− (1− 2 z) (α− zz¯)
2 c z z¯
(
ln z ln
(
2α + (1− 2 c) z
2α+ (1 + 2 c) z
)
− ln(4α + 1) ln
(
1 + 2 c− 2 z
2 c− 1 + 2 z
)
+ 2Li2
(
1− 2 c− 2 z
1 + 2 c− 2 z
))
+
(1 + 2 c− 2 z) (α− zz¯)
2 c zz¯
Li2
(
2 z
1− 2 c
)
+
(2c− 1 + 2z) (α− zz¯)
2 c z z¯
Li2
(
2 z
1 + 2c
)]
+
1
Nc
[
− 1
2 z
− 2 z − z
2
2 z¯ (α− z) +
(α + zz¯)
z z¯
lnα+
1
2
ln
(
(2 c− 1)2
4α
)
ln
(
2 c− 1
2 c+ 1
)
+
c (1− 2z) (α + zz¯)
z2z¯2
ln(1 + 2c− 2z) + α (1− 2z) (α + zz¯)
4 z3z¯3
ln 2 ln(1 + 2c− 2z)
+
(
7
4
− α (2− z)
4z2 z¯2
− α
2 (2− 4 z + 3 z2)
4 z3 z¯3
)
ln2(1 + 2 c− 2 z)
+
(
z
2z¯ (α− z) +
2z2 − z3
2 z¯ (α− z)2
)
ln
(
α
z
)
− ln(1 + 2c− 2z) ln(2c− 1 + 2z)
−
(
α2
z3 z¯3
+
α− 2α2
z2 z¯2
)
lnα ln z − (α + zz¯)
4 z2 z¯2
ln(α + zz¯)
+
(
3− 4 z
2 z¯
+
α (1− 2 z)
z z¯2
+
z
2 z¯ (α− z2)
)
ln
(
z
α+ zz¯
)
− (α
2 + αz − z¯z3)
2 z¯ z3
(
−π
2
6
− 7 ln2 2− 2 ln 2 lnα− 1
2
ln2 α+ Li2
(
− z
2
α + zz¯
)
+ ln2(2 c− 1) + ln2(2 c+ 1)− 1
2
ln2 z − ln 2 ln(2 c− 1 + 2 z)− 2Li2
(
− z¯z
α
)
+4 ln(1 + 2c− 2z) ln(2c− 1 + 2z) + 1
2
ln2(2c− 1 + 2z) + ln
(
α + z
α
)
ln
(
α z
α + zz¯
)
−11
2
ln 2 ln(α + zz¯)− 2 lnα ln(α+ zz¯)− 2 ln z¯ ln(α + zz¯)− ln z ln(α+ zz¯)
− Li2
(
− z
α
)
+ 2Li2
(
2 z
1− 2 c
)
+ 2Li2
(
2 z
1 + 2 c
)
− Li2
(
z − α
z
))]
. (69)
Equations (60), (61), (68) and (69) give the result for the (qq¯g) contribution to the impact
factor.
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4.3 The result for NLA impact factor
Now we are ready to add together the (qq¯) and the (qq¯g) contributions and to obtain (as
anticipated above), after the treatment of the ultraviolet and of the collinear singularities,
the finite result for the NLA impact factor.
In the sum of all contributions – the z ↔ z¯ symmetry was used where necessary – we
find
∑
i=1,...,5
τi(z) =
CF
ε
[
3
2
+
(1− 2 z) (α− z¯z)
4 c z¯ z
ln
(
1 + 2 c− 2 z
2 c− 1 + 2 z
)
− (α + z¯z)
4 c z¯ z
ln
(
2 c+ 1
2 c− 1
)
(70)
− (α− z¯z)
2 z¯ z
ln
(
α + z¯z
α
)]
− β0
2 ε
+ . . . ,
where the ellipsis stand for the terms which are finite for ε → 0. First of all, we note
that the double poles in ε which appear due to soft singularities and are present in the
separate contributions cancel out in the sum (70). What is left are the single poles in
ε which represent the ultraviolet and the collinear singularities which are removed by
the renormalization of the strong coupling constant and of the distribution amplitude, as
explained in Section 2.
After substituting the bare strong coupling constant and the meson distribution am-
plitude by the renormalized quantities, given respectively in Eqs. (15) and (17), we find
the following expressions for the ultraviolet
∆αs TH(z) =
αs(µR)
4π
β0
[
1
εˆ
+ ln
(
µ2R
µ2
)]
T
(0)
H (z) , (71)
and the collinear
∆coll TH(z) = −αs(µF )
2π
[
1
εˆ
+ ln
(
µ2F
µ2
)] 1∫
0
du T
(0)
H (u) V
(1)(u, z) , (72)
counterterms to TH , where the LLA hard-scattering amplitude T
(0) and the one-loop
evolution kernel V (1) are given by Eqs. (29) and (13), respectively. Calculating the integral
in (72) and then combining the corresponding contributions coming from the counterterms
with the singular part of (70), we see that the ultraviolet and the collinear singularities in
the hard scattering amplitude cancel and the result for the finite part may be presented
as in (70) with the replacements
β0
ε
→ β0 ln
(
Q2
µ2R
)
,
CF
ε
→ CF ln
(
Q2
µ2F
)
. (73)
Finally we find that the NLA impact factor is given by Eq. (5) with
TH(z, α, s0, µF , µR)|α→0 = αS(µR) α
α + zz¯
{
1 +
αs(µR)
4π
[τ(z) + τ(z¯)]
}
, (74)
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where
τ(z) = CF ln
(
Q2
µ2F
)[
3
2
+
(1− 2 z) (α− z¯z)
4 c z¯ z
ln
(
1 + 2 c− 2 z
2 c− 1 + 2 z
)
− (α + z¯z)
4 c z¯ z
ln
(
2 c+ 1
2 c− 1
)
− (α− z¯z)
2 z¯ z
ln
(
α+ z¯z
α
)]
− β0
2
ln
(
Q2
µ2R
)
+ nf
[
−5
9
+
lnα
3
]
+CF
[
− ln
2 α
2
− 3 ln
(
α + z¯z
z
)
+ 4 ln2
(
c− z + 1
2
)
− 2 ln
(
c− 1
2
)
ln
(
c+
1
2
)
+
(α+ z¯z)
2α z¯ z
(
lnα + 2 c ln
(
2 c+ 1
2 c− 1
))
− (1− 2 z) (α + z¯z)
2 c z¯ z
ln(1 + 2 c− 2 z)− (α+ z¯z)
2 z¯ z
ln
(
α + z¯z
α
)
+
(α + z¯z)
z¯ (α + z)
ln
(
α + z¯z
α z
)
+
(α + z¯z)
2 c z¯ z
(
π2
6
+ ln 4 lnα +
1
2
ln
(
1 + 2 c
2 c− 1
)
+ 2 ln c ln
(
2 c− 1
4
)
− ln2(2 c+ 1)
− ln2 c+ 1
4
ln2
(
2 c+ 1
2 c− 1
)
− 2Li2
(
2 c− 1
4 c
)
− Li2
(
2
1 + 2 c
))
+
(α + z¯z)
2 z¯ z
(
ln2 α
2
− 2 ln
(
c− 1
2
)
ln
(
c+
1
2
)
+ ln2
(
z
α
)
− ln2
(
α + z¯z
z
)
+ 2Li2
(
2 z
1− 2 c
)
+ 2Li2
(
2 z
1 + 2 c
))
− (1− 2 z) (α− z¯z)
2 c z¯ z
(
ln
(
z
4α + 1
)
ln
(
2α + (1− 2 c) z
2α+ (1 + 2 c) z
)
− ln(4α + 1) ln
(
2 c+ 1
2 c− 1
)
+ 2Li2
(
1− 2 c− 2 z
1 + 2 c− 2 z
)
− Li2
(
2 z
1− 2 c
)
+ Li2
(
2 z
1 + 2 c
))]
+Nc
[
ln
(
s0/Q
2
)
ln
(
(α + z¯z)2
z2α
)
+
20
9
− lnα
3
+
1
2
ln2
(
z¯
z
)
+
1
2
ln2
(
α + z¯z
α
)
− 2 ln
(
α + z
z
)
ln
(
α + z¯z
α z
)
− ln2
(
α+ z¯z
z
)
+ 3 ln z ln
(
α + z¯z
α z
)
+2 ln2 z − (α + z¯z)
2α z¯ z

z ln(α
z
)
+
√
z (4α+ z) ln

 z +
√
z (4α+ z)
−z +
√
z (4α+ z)




+ Li2
(
2 z
1− 2 c
)
+ Li2
(
2 z
1 + 2 c
)
+ 2Li2
(
− z
2
α + z¯z
)
− 2Li2
(
− z
α
)
+ 3Li2
(
− z¯z
α
)]
+
1
Nc
[
5
2
+
(
α + z¯z
z¯ z
− 3
2
)
lnα +
1
2
ln
(
4α
(2 c− 1)2
)
ln
(
2 c+ 1
2 c− 1
)
+
1
2
ln2
(
1 + 2 c− 2 z
2 c− 1 + 2 z
)
+
c (1− 2 z) (α + z¯z)
z¯2 z2
ln(1 + 2 c− 2 z) + (1− 2 z) (α + z¯z)
z¯2z
ln
(
z
α + z¯z
)
+ Li2
(
2 z
1 + 2 c
)
+ ln z ln
(
α + z¯z
α
)
+
(α + z¯z)
4 z¯2z2
(
2 c ln
(
2 c+ 1
2 c− 1
)
− ln
(
α + z¯z
α
))
+ Li2
(
2 z
1− 2 c
)
− (α
2 + α z − z¯ z3)
2 z¯ z3
(
2 ln
(
c− z + 1
2
)
ln
(
c + z − 1
2
)
− 2 ln
(
c− 1
2
)
ln
(
c+
1
2
)
+ ln
(
2 c+ 1
2 c− 1
)
ln
(
2α+ (1 + 2 c) z
2α+ (1− 2 c) z
)
− ln
(
α z¯2 z2
(α + z¯z)2
)
ln
(
α + z¯z
α
)
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+2 ln
(
α + z
α
)
ln
(
α z
α + z¯z
)
− 2Li2
(
− z
α
)
+ 4Li2
(
2 z
1− 2 c
)
+ 4Li2
(
2 z
1 + 2 c
)
− 2Li2
(
− z¯z
α
)
+ 2Li2
(
− z
2
α + z¯z
))]
. (75)
Equations (5), (74) and (75) represent the main result of the present paper.
In LLA terms of the type ∼ αns lnn(s/s0) are summed. Therefore the leading energy
scale uncertainty of a LLA amplitude is related with the contributions∼ αns lnn−1(s) ln(s0).
These terms represent some particular part of NLA correction to the amplitude. Note
that in the sum of all NLA terms the contributions ∼ αns lnn−1(s) ln(s0) should cancel
since by construction a NLA amplitude does not depend on s0 with the NLA accuracy.
Using our result for the meson impact factor let us demonstrate the cancellation of the
∼ αns lnn−1(s) ln(s0) contributions to the forward amplitude of the process of two ρ mesons
production, γ∗1(Q
2
1)γ
∗
2(Q
2
2)→ ρ1ρ2. Examining Eq. (1) one can see that the contributions
of such type can not be generated by the corrections to the kernel of BFKL equation, since
these corrections do not depend on s0. Therefore, for our purposes, we can use the known
result for the Green’s function in the LLA approximation. In the azimuth symmetric,
n = 0, sector it reads
Gω(~q1, ~q2, ~∆ = 0) =
+∞∫
−∞
dν
2π2
(~q 21 )
1
2
+iν(~q 22 )
1
2
−iν
ω − α¯Sχ(ν) (76)
where
α¯S =
αSNc
π
, χ(ν) = 2Ψ(1)−Ψ
(
1
2
+ iν
)
−Ψ
(
1
2
− iν
)
, (77)
and Ψ(x) = Γ′(x)/Γ(x). Inserting (76) in Eq. (1) we found the following representation
for the amplitude
Ims(A)ρ1ρ2γ∗
1
γ∗
2
=
s
(2π)2
+∞∫
−∞
dν
(
s
s0
)α¯Sχ(ν)
I1(ν, s0)I2(ν, s0) , (78)
here
I1(ν, s0) =
∫
d2q1
(~q 21 )
iν− 3
2√
2π
Φγ∗
1
→ρ1(~q
2
1 , s0) ,
I2(ν, s0) =
∫
d2q2
(~q 22 )
−iν− 3
2√
2π
Φγ∗
2
→ρ2(~q
2
2 , s0) . (79)
According to our calculation
Φγ∗
L
→ρL
(
α =
~q 2
Q2
, s0
)
=
−4πefρδ
cc′
√
2NcQ
1∫
0
dz φ‖(z)αs
α
α + zz¯
[
1 +
α¯S
4
ln(s0) ln
(
(α + zz¯)4
α2z2z¯2
)
+ . . .
]
, (80)
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the ellipsis in (80) stand for the NLA contributions to the impact factor which do not
depend on s0. Performing the integration over Reggeon momenta in Eqs. (79) we found
that
I1,2(ν, s0) ∼ (Q21,2)±iν−1J(±ν)
∞∫
0
dy
y±iν−
1
2
y + 1
[
1 +
α¯S
2
ln(s0) ln
(
(y + 1)2
y
)
+ . . .
]
= (Q21,2)
±iν−1J(±ν) π
cosh(πν)
[
1 +
α¯Sχ(ν)
2
ln(s0) + . . .
]
, (81)
where
J(ν) =
1∫
0
dz φ‖(z) (zz¯)
iν− 1
2 . (82)
Thus we obtain that
Ims(A)ρ1ρ2γ∗
1
γ∗
2
∼ sf
2
ρ
Q21Q
2
2
+∞∫
−∞
dνJ(ν)J(−ν)
(
Q21
Q22
)iν
π2
cosh2(πν)
×
(
s
s0
)α¯Sχ(ν) [
1 +
α¯Sχ(ν)
2
ln(s0) + . . .
]2
. (83)
Expanding in series the last line of (83), one can easily see that the dependence of the
amplitude on s0 indeed cancels with the NLA accuracy. This calculation shows that the
s0 dependence of our result for the impact factor is consistent with the form of the BFKL
kernel.
The hard-scattering amplitude in the limits of small and large virtualities of the
Reggeized gluon reads
TH(z, α, s0, µF , µR)|α→0 = αS(µR) α
zz¯
[
1 +
αS(µR)
4π
(
nf
[
−10
9
+
2 lnα
3
]
−β0 ln
(
Q2
µ2R
)
+Nc
[
67
9
+
lnα
3
− ln2 α− 3 ln(zz¯) + 2 ln
(
s0
Q2
)
ln
(
zz¯
α
)
−5π
2
6
+ ln2 z + ln2 z¯ + ln z ln z¯
]
+ CF
[
2z ln z¯ + 2z¯ ln z − π
2
3
+z ln2 z¯ + z¯ ln2 z − 8− 2 lnα + 2 z Li2(z) + 2 z¯ Li2(z¯)
+ (3 + 2z ln z¯ + 2z¯ ln z) ln
(
Q2
µ2F
)])]
+O
(
α2S(µR)α
2
)
; (84)
TH(z, α, s0, µF , µR)|α→∞ = αS(µR)
[
1 +
αS(µR)
4π
(
nf
[
−10
9
+
2 lnα
3
]
−β0 ln
(
Q2
µ2R
)
+Nc
[
22
9
− 20 lnα
3
− 2 ln2 α− ln z¯
2 z
− ln z
2 z¯
+ 3 ln(zz¯)
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+2 ln
(
s0
Q2
)
ln
(
α
zz¯
)
+ 4 lnα ln(zz¯)− 2 ln z ln z¯ − 3 ln2 z − 3 ln2 z¯
])]
+O
(
α2S(µR)
α
)
. (85)
These limiting expressions may be useful for the analysis of vector meson production am-
plitudes in the asymmetric kinematics, when the two virtualities are essentially different,
Q1 ≫ Q2. In this case not only large ln(s), but also large ln(Q21/Q22) appear in the pertur-
bative expansion. In the BFKL approach powers of the logarithm of virtuality originate
from the region of Reggeon momenta where Q21 ≫ ~q 2 ≫ Q22, which corresponds to the
limits (84), (85) for the meson impact factor.
5 Summary and conclusions
In this paper we have considered the impact factor for the virtual photon to light vector
meson transition in the case of the dominant longitudinal polarization. We have shown
that, up to power suppressed corrections, both in the leading and in the next-to-leading
approximation the expression for the impact factor factorizes into the convolution of a
perturbatively calculable hard-scattering amplitude TH and a meson twist-2 distribution
amplitude. We have determined TH in the next-to-leading order by calculating cut dia-
grams with effectively no more than two-particle intermediate states. We have observed
cancellation of the soft infrared divergences between the “real” and the “virtual” parts of
the radiative corrections. Collinear infrared divergences have been absorbed into the defi-
nition of the distribution amplitude. We have obtained finally a close analytical expression
for the impact factor which can be used, after convolution with the Green’s function of
two interacting Reggeized gluons, to build entirely within perturbative QCD the complete
amplitude for a physical process, in the next-to-leading logarithmic approximation.
This result can have important theoretical implications, since it could shed light on
the correct choice of energy scales in the BFKL approach and could be used to compare
different approaches such as BFKL and DGLAP. Moreover, it can be considered as the
first step towards the study of phenomenologically relevant processes, such as the vector
meson electroproduction at the HERA collider and the production of two mesons in the
photon collision which can be studied at high-energy e+e− and eγ colliders.
This work was completed after M.I. Kotsky tragically passed away. We had the pleasure
to know him not only as a bright scientist, but also as an exceptionally rich personality.
We missed a friend.
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Figure 9: (a) The separation of the (qq¯g) contribution to the impact factor into the sum of
of the antiquark-gluon and the quark-gluon cuts. (b) The lowest order Feynman diagrams
for the gluon bremsstrahlung vertex.
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